The nature of the initially excited state of the primary electron donor or special pair has been investigated by Stark effect spectroscopy for reaction centers from the photosynthetic bacteria Rhodopseudomonas viiis and Rhodobacter sphaeroides at 77 K. The data provide values for the magnitude of the difference in permanent dipole moment between the ground and excited state, IAuI and the angle C between ApL and the transition dipole moment for the electronic transition.
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IAdA and C for the lowest-energy singlet electronic transition associated with the special pair primary electron donor were found to be very similar for the two species. IA|I for this transition is substantially larger than for the Qy transitions of the monomeric pigments in the reaction center or for pure monomeric bacteriochlorophylls, for which Stark data are also reported. We conclude that the excited state of the special pair has substantial charge-transfer character, and we suggest that charge separation in bacterial photosynthesis is initiated immediately upon photoexcitation of the special pair. Data for Rhodobacter sphaeroides between 340 and 1340 nm are presented and discussed in the context of the detection of chargetransfer states by Stark effect spectroscopy.
The recent elucidation of the organization of the reactive components in reaction centers (RCs) from photosynthetic bacteria by x-ray diffraction (1) (2) (3) (4) makes possible an analysis of the initial charge-separation mechanism from first principles. The first step in such an analysis is the calculation of the spectroscopic properties of the RC from several species, including the absorption, circular dichroism, and linear dichroism spectra (5) (6) (7) (8) (9) . In a recent report we demonstrated that a quantitative analysis of the effect of an electric field on the absorption spectrum (the Stark effect spectrum) in Rhodobacter sphaeroides RCs at room temperature provides additional observables for comparison with theory (10) . This work followed up on an earlier preliminary report by deLeeuv et al. (11) . In the present communication we extend these measurements to a different species, Rhodopseudomonas viridis, and to low temperatures (12) .
Quantitative analysis of the Stark effect spectrum provides information on the magnitude of the difference in permanent dipole moment between the ground and excited state, JAput, and on the angle, (, between Ap and the transition dipole moment.
Since the orientation of the transition dipole moment can be determined relative to the molecular axes from single-crystal polarized absorption measurements, the angle (can be related to the movement of charge associated with excitation of the chromophores in the RC. Stark effect data have also been obtained for monomeric photosynthetic chromophores, and this information should be useful for testing the reliability ofthe wave functions that are used for the calculation of RC spectral properties and electron transfer pathways. EXPERIMENTAL Rps. viridis RCs were prepared as previously described for Rb. sphaeroides (13) , except that a sucrose density gradient centrifugation replaced the second extraction with lauryldimethylamine oxide. The RCs in 0.05% lauryldimethylamine oxide/5 mM Tris HCI, pH 8.0, were embedded in poly(vinyl alcohol) (PVA) films, which were then coated with semitransparent nickel electrodes as described earlierforRb. sphaeroides RCs (10) . Bacteriochlorophylls a and b (BChl a and b) and bacteriopheophytins a and b (BPheo a and b) were prepared by standard methods (14) and were judged to be pure by their electronic absorption spectra and thin-layer chromatography. The chromophores were embedded in films of poly(methyl methacrylate) (PMMA), which were coated with nickel electrodes.
Stark spectra were obtained with the apparatus described previously (10) . Spectra at 77 K were obtained with the samples immersed directly in liquid nitrogen. For measurements of( the probing light was horizontally polarized and the angle, X, between the electric vector of the light and the applied field direction was varied by rotating the sample about a vertical axis (see figure 1 of ref. 10 for further details). A cooled germanium detector was used between 1000 and 1400 nm.
RESULTS
The Stark spectrum of Rps. viridis RCs in a PVA film at 77 K is shown in Fig. 1 Fig. 3 . The dependence of the magnitude of the Stark effect signal on the angle X for the Qy transitions ofthe special pair inRps. viridis andRb. sphaeroides RCs and for six-coordinate BChl a and b is shown in Fig. 4 . The dependence on X of the entire Stark spectrum in the Qy region for both species is shown in Fig. 5 .
Quantitative analysis of the Stark effect data was performed by using the methods described in ref. 10 , which closely follow the earlier theoretical development of Liptay (15) and Mathies and Stryer (16 angle between the applied electric field direction and the polarization vector of the probing beam, h is Planck's constant, and p is a unit vector in the direction of the transition dipole moment being probed at frequency P. Fit is the actual field felt by the molecules under investigation, which is different from the applied field because of the dielectric properties of the environment. Fit is related to the applied electric field, Fext, by the local field correction: F1nt = fFext. The value off is typically on the order of 1.2-1.4 for a dielectric constant of 2, depending on the model used for the electrostatic field (10) . We (1-4) . On the other hand, there is a significant chemical difference between BChl a and BChl b, and amino acids in the vicinity of the special pair are quite different for the two species (2) . Apparently neither of these differences is sufficient to perturb the values of IA,iI or t, both of which are expected to be very sensitive to variations in electronic structure.
For the purpose of discussion, we will use the conventional assignment of absorption bands to specific chromophores, recognizing that there is substantial electronic mixing. Because the absorption bands for the monomeric chromophores overlap substantially and one expects vibronic bands from the special pair in this region, it is difficult to quantitate IAL (19, 20) , and this shoulder has been ascribed by some to the Pt Be chargetransfer state (20) . Measurements of delayed fluorescence (21) and the temperature dependence of the 3P decay rate (22) for Rb. (Fig. 3C) (17) and some calculations (9 The value offJIAtI for the Qy transition of the special pair in both species decreases substantially when the temperature is decreased, while that for the other bands decreases considerably less. The value offrlA,.ut for BPheo a in PMMA was temperature independent within the experimental uncertainty, while the value offIAIL for a chlorophyll derivative in apomyoglobin embedded in PVA decreased by about 20% between room temperature and 77 K (unpublished data). The low-frequency dielectric constant ofPVA decreases by about a factor of 2 between room temperature and 77 K (26) . Since the local field correctionf depends on the dielectric constant of the matrix, the observed value of flApja will also be temperature dependent. The exact form of the dependence of f on the dielectric constant is highly sensitive to the method used to model the dielectric environment of the chromophore; however, at least part of the difference infIAsItl for the special pair as a function of temperature can be accounted for by the change in dielectric constant. The change infilAlzi with temperature for the model chlorophyll in apomyoglobin system is comparable with the change observed for the monomer bands in the RC. The variation with temperature for the special pair Qy bands is considerably larger, and it may reflect more subtle local variations in the dielectric or electronic properties of this component.
